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DIVISION OF ENGINEERING

-Brown University
Provid-cnicc11 RI2912

July 18, 1986-

To: Dr. Y. Rajapaksc, Scientific Officer, ONR

From: C. F. Shlih]

Re: Final Report on-iONR Contract -No. N00014-85-K-0365

As-a final report onl this contract, I ani submitting thc attached list- of' rcports-anid-
-papers that hiavc resulted from our rescarch - y ork -undecr this contract. I hlavc -also-
-enclosed onc copy of cach report and p~aper. Progress on the -project has been summarized
in- the Annual -Report submitted to thc MNcchanics Division- of ONIZ, and -the -details -ofd
thc wvork may -be found in thc enclosed reports and papers. I -will -citc several of thc
major accomplishmen~ts of thc work below.

Our studies -onl dyniamic fracture have lcd- to the concept of a transition- -timc
[-2,3]. The rcsponse of a ductile fractur~e spiecimnii can be- characeterized by a
sh ort-time response dlomina ted by discrete wvaves, anl intermediate-time -rcSlpoase
dominated by the structural' inertia and -kinctic energy and a -long-timic response
dominated by deformation energy -(or stress work). The transitioun time, t V is- defined
as the time beyond which Athc total deformation energy exceeds the- total kinetic
energy of the specimen. Using, dimensional- and elemientary model analyses, we have
obtained a simple formula foi- the transition time. Thc formula hans been verified by
two-dimensional aIn d th Ire c- d imIcn s io nalI full-field Tinite element analysis of a
dynamically loaded thrc-c-point-bcnd ductile fracture specimen. While -lic -transition-
time can serve io- distinguish the short-tinie from -the long-timec response, it hans anI
additional role in nonlinear- fraceture mechanics which is -discussed- -in -the next
paragra ph.

'f the material is ductile and- fracture initiation takes -place af ter extensive yielding
of the ligament, the i-itegral- may -be adopted- as -the characterizing paramieter for
fracture toughness. -llox~evcr. during -the earlv stages of' a dynamic loading process when
-discrete waves form an imipoi tant _part of t ttlmcaial 1il a1 sign if-icant -timec

may te required f'or a J-controllcd nonlinear crack tip field- to become cstablishecd.
Furthermore J cannot -be dletermined by any direct means from a remote iload- and
deformation history until a sufficient -time has elapsed and the crack tip- Tfield:fhas
stabilized. The transition time is an estimate o1' the elapsed timec necessary to achieve
these conditions. -Conlsequentlyl the thll cc-point-bend spccimcn- can be expected to provide
-interpretable fracture toughne11ss data if fracture occurs beyond the transition -tinic.

We have succcssfullv carried out I tree-C cliesionalI- elastic-plastic analysis of a
dyna mic-all y loaded- t hiec-poi n -benh du tctile fracture~ speciniCn. The specimen is
loadecd to -fracture initiation by a rapidly ap~plied -force onl the mid-span- of' the beam.



It is- assumed that the fracture initiatcs aftei substantial plastic -dcfo:mation occurs in
the uncrackcd ligamcnt and the J-intcgral has been adopted as a pertinent parameter
charactcrizing the intcnsity of crack tip field. Based on a fundamcntal crack tip
intcgral [], a domain integral form of J is dciivcd -for the thrce-dimensional crack
front subject to transient loadings. The domain integral -has been shown to provide
accurate pointwisc values of J from computed field quantities, We have shown that
our formulation is -ideally suited =for three-dimensional analysis. The variation of J
along the crack front and its dcpcndcnce on loading rate and elapsed time are
detailed in reference [3]. The analysis provides a basis for interpretation -of the
dynamic fracture experiments being carried out by Gudas and coworkers [4].
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Computational methods based on-an energy integralin dynamic
fracture

T. NAKAMURA, C.F. SHIH and L.B. FREUND
Division of Engineering, Brown University. Providence. RI 02912, USA

* ( (Received September 1. 1984)

* "Abstract

Developments inthe use of-the crack-tip energy flux integral in computational dynamic fracture mechanics over
the past few years are reviewed. An expression for the crack tip energy flux in terms of near tip mechan-cal fields

.,: . which is valid for-general material response is derived. It is then Jemonstrated that certain useful energy integrals ,
". <. may be extracted from the general result by invoking the-appropriate characterization of matenal response.

Several alternative representations of energy flux in the-form of integrals over some finite region around the
crack tip are presented and:compared-with a view toward implementation in finite clement- simulation studies.

1. Introduction

The first-crack tip contour integral expression for elastodynamic-energy release-rate was

proposed by Atkinson and Eshelby (1], who argued that the form for-dynamic growth
should be the same as for quasi-static growth with the elastic energy density replaced by
the total mechanical energy density, that is, the elastic energy plus the kinetic er,,-rgy. The
equivalent integral expression for dynamic energy release rate in terms ofcrack tip -stiess
and deformation fields was subsequently derived directly from the field equations pf
elastodynamics by Kostrov and Nikitin-[2] and by Fieund [31. They enforced an-instanta-
neous energy-rate balance for- the time-dependent volume of material bounded-by the
outer- boundary of the solid, the crack faces, and small-loops surrounding each moving
crack tip and- translating with-it. By application of Reynold's transport theorem [4] and-
the divergence theorem an expression for crack:tip energy flux in- the form of an-integral
of field quantities along the crack tip loop was obtained. A result-which is applicable to a
much broader range of material- responise -and which contains -the earlier elastodynamic '

result as a special case is derived here, with an observation made by Eshelby [5]on the
form-of the equations of motion as a point of departure. A similar result has also been
obtained by Willis [6].

In thr analysis of dynamic crack phenomena by means of computational methods, such
as the finite element method, a fundamental- difficulty is ew:ountered in efforts to
compute values of the crack tip energy -flux versus time or amount of crack growth. The
difficulty arises from the fact that, on the one hand, the crack tip-energy flux is defined in
terms of the values of field quafitilies for points-arbitrarily close to the crack tip while, on
the other hand, it is precisely for points near the crack tip for which the accurate
calculation of- field quantities is most difficult. In an effort to circumvent this difficulty,
finite domain integrals have been introduced for the computation of dynamic energy
release rate by Kishimoto. Aoki and Sakata 17.8]. by Atluri [9]. and by Nishioka and
Atluri [10-12].
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